Purpose-To evaluate the bi-directional association between urologic symptoms (urinary incontinence (UI), lower urinary tract symptoms (LUTS), and nocturia) and sleep-related variables.
INTRODUCTION
Urinary incontinence (UI), lower urinary tract symptoms (LUTS) secondary to benign prostatic hyperplasia (BPH), and nocturia are common disorders which affect quality of life (QOL). 1 At the same time, sleep disorders affect 50-70 million people in the US, 2 with sleep deprivation increasing in prevalence. 3 It is implicitly assumed that urologic symptoms lead to sleep-related problems, and not vice versa. 4, 5 However, it is plausible that sleep-related problems lead to the development of urologic symptoms, mainly through their associations with obesity, 6 metabolic dysregulation, 7, 8 and systemic inflammation. 9 While studies have examined the bidirectional association between other health conditions and urologic outcomes, 10, 11 to our knowledge, no studies have explored the bi-directional relationship between sleep and urologic symptoms.
We tested the 5-year longitudinal relations between (1) sleep-related variables at baseline and incident urologic symptoms at follow-up, (2) urologic symptoms at baseline and incident sleep-related variables at follow-up, and (3) whether body composition or inflammatory status plays a role in mediating these associations.
MATERIALS AND METHODS

Overall design and overview of data collection
Data were obtained from an observational, longitudinal cohort study of men and women, the Boston Area Community Health (BACH) Survey. 12 In brief, BACH recruited a random sample of 5,502 Boston men and women aged 30-79y from three racial/ethnic groups (Black, Hispanic, White) to complete an in-person interview at baseline (2002) (2003) (2004) (2005) and approximately 5 years later (2006) (2007) (2008) (2009) (2010) . Home visits were conducted for anthropometric measurements and interviews regarding urologic symptoms, health, and lifestyle factors. Follow-up interviews were completed on 4,144 individuals (1,610 men; 2,534 women; conditional response rate, 80.5%). All subjects provided written informed consent and the study received Institutional Review Board approval.
Measurement of sleep parameters
Sleep quality-Subjects had poor sleep quality if they endorsed "yes" in response to the following statement: "Much of the time during the last week… my sleep was restless".
Restricted sleep-Sleep restriction was assessed by: "How much do you usually sleep?" (≤5 vs.>5 h per night). Data on sleep restriction were not collected from women at baseline, mainly because the sleep data on men were obtained in the context of a previously developed set of symptoms pertaining to male hypogonadism.
Sleep medication use-Use of prescription, over-the-counter, and supplemental medications were captured using self-report (prompts by indication) and direct observation/ recording of medication labels by the interviewer, which were coded using the Slone Drug Dictionary. 13 Medications within the sedative hypnotic class that are used to induce sleep were considered 'primary sedation' medications. See on-line material for medication coding scheme.
Measurement of urologic symptoms
Lower urinary tract symptoms-LUTS was assessed by American Urologic Association Symptom Index (AUA-SI). 14 The AUA-SI was developed and validated for BPH in men, 14 but has been validated to capture LUTS in women. 15 Given that we were interested in separately examining the relationship between nocturia and sleep-related problems, we created a summary AUA-SI score that excluded the nocturia item. This modified score could range from 0 to 30 with higher scores indicating more (frequent) symptoms, and presence of LUTS defined as score ≥7 (moderate/severe symptoms) on this modified AUA-SI. We also examined LUTS obstructive symptom subscores (voiding symptoms) (≥5 for incomplete bladder emptying, straining, weak urinary stream, hesitancy symptoms) and irritative symptom subscores (storage symptoms) (≥4 for frequency, urgency, nocturia).
Urinary incontinence-UI was defined using Sandvik's severity index (frequency and quantity of urine leakage), 16 with presence defined as weekly or moderate/severe leakage.
Nocturia-Nocturia was defined as needing to get up to urinate more than once during the night (fairly often, usually, almost always) or ≥2 urinations at night after falling asleep. 17
Potential confounding variables
Several baseline variables were considered a priori confounding variables, including age (decades), sex (male/female), race/ethnicity (Black/Hispanic/White), SES (low/medium/ high) type 2 diabetes mellitus (yes/no), heart disease (yes/no), alcohol use (0/<1/1−3/3+ drinks per day), physical activity (low/medium/high), smoking (current/former/never) and anti-depressant use (yes/no). Additionally, use of sedating (e.g., antihistamines) and stimulating (e.g., amphetamines) medications not indicated for sleep disorders were considered as covariates. All variables were included in all regression models, with minor exceptions noted.
Potential mediating variables
Based on prior literature, we hypothesize the following mediational pathways: (1) body composition, assessed by weight, waist circumference, and body mass index (BMI); and (2) circulating C-reactive protein (CRP), a marker of inflammation measured with an immuno turbidimetric assay on the Hitachi 917 analyzer (Roche Diagnostics, Indianapolis, IN).
Statistical analysis
The incidence of sleep-related problems and urologic symptoms at 5 years were defined as the percentage of those with the relevant condition at follow-up, among those without the condition at baseline. The normal approximation to the binomial distribution was used to compute 95% confidence intervals (CI) on incidence. The association of baseline characteristics with incident urologic and sleep outcomes were tested with Wald-type tests.
Odds ratios (OR) and 95%CIs were estimated from multivariable logistic regression models of the association between sleep variables/urologic symptoms assessed at baseline and incidence of urologic symptoms/sleep variables at follow-up, adjusted for covariates. The multivariable models controlled for all covariates except for the primary stimulant coalition medication, which was redundant with the secondary stimulation coalition. Interactions between sex and exposures of interest as well as multicollinearity among medication coalitions were tested. Of 24 interactions with sex tested, only one was statistically significant, thus allowing us to pool data on men and women. We determined that follow-up time was similar in subjects with/without incident outcomes, thus follow-up time was not adjusted in final models.
Mediation was tested by examining whether body composition variables and CRP induced a 10% change in the exposure OR. 18 Preliminary modeling identified BMI (vs. weight and waist) as more strongly related to outcomes of interest, thus we examined BMI only in mediation analyses.
Multiple imputation (15 datasets) was used to impute plausible values for missing observations using SAS 9.1.3 (SAS Institute, Cary, NC). Missing data for the variables of interest (sleep and urologic symptoms) were missing in less than 1% of subjects. Observations were weighted inversely to their probability of selection, and weights were post-stratified to the Boston population in 2000. Analyses were conducted in SUDAAN 9.0.1 (Research Triangle Institute, Research Triangle Park, NC).
Analytic samples
Analyses of outcomes were restricted to at-risk samples, i.e., those without the relevant condition at baseline. Sample sizes for incident LUTS, UI, and nocturia were 3,423, 3,724, and 2,765, respectively. Sample sizes for incident poor sleep quality, sleep medication use, and sleep restriction (men only) were 2,449, 3,529, and 1,279, respectively.
RESULTS
Demographic profile of the population
The mean baseline age of the BACH Survey population who completed follow-up (N=4,144) was 49y. A total of 1,610 men and 2,534 women completed the follow-up assessment, with women slightly older than men at baseline (50y vs. 48y).
Incident urologic symptoms
At the 5-year follow-up, LUTS, UI and nocturia, respectively, were reported by 10.0%, 8.5%and 16.0% of subjects who did not have these symptoms at baseline (Supplemental Table 1 ). Incidence of obstructive symptoms was 7.0% (95% CI: 5.6, 8.6%) and irritative symptoms 20.7% (95% CI: 18.2, 23.6%) (data not shown). Crude incidence of urologic symptoms was related to increasing age (P<0.001) and several other factors.
Incident sleep outcomes
Newly reported poor sleep quality, sleep restriction and use of sleep medication observed in 24.2% (95% CI: 21.3, 27.3%), 13.3% (95% CI: 10.6, 16.4%), 11.6% (95% CI: 10.0, 13.4%) of subjects at the 5-year follow-up (Supplemental Table 2 ). Compared with urologic symptoms, crude incidence of sleep variables exhibited fewer associations with confounding variables of interest. Selected results showed that incident poor sleep occurred most commonly in subjects with low SES [32.2% (95% CI: 26.7, 38.2%)] and incident sleep restriction occurred most commonly in Blacks[20.9% (95% CI: 16.3, 26.3%)].
Association between sleep and incidenturologic symptoms
Controlling for confounders, poor sleep quality was associated with incident LUTS (OR=1.73, 95% CI: 1.20, 2.51), including both irritative (OR=1.55,95% CI: 1.06, 2.27) and obstructive (OR=2.15, 95% CI: 1.39, 3.32) LUTS (Figure 1 ), as well as nocturia (OR=1.42, 95% CI: 1.02, 1.97) ( Table 2) . Sleep restriction was associated with incident LUTS (OR=1.98, 95% CI: 1.03, 3.78), including incident irritative symptoms (OR=2.58, 95% CI: 1.41, 4.73) but not obstructive symptoms. Findings from models that included the nocturia item in the total LUTS score were comparable. Sleep restriction was also associated with UI (OR=2.42, 95% CI: 1.07, 5.48) but not with nocturia. Sleep medication use was unrelated to incident urologic symptoms. BMI reduced the relationship between sleep restriction and incident UI and irritative symptoms, with 19% and 12% reductions in the ORs, respectively. Closer examination of BMI with sleep restriction and incident UI and irritative symptoms (data not shown) revealed that sleep restriction and incident outcomes were more commonly observed in obese subjects. CRP did not mediate any associations.
Association between urologic symptoms and incident sleep outcomes
Overall LUTS were not associated with incident sleep-related problems. However, obstructive symptoms were inversely associated with incident sleep medication use (OR=0.59, 95% CI: 0.35, 0.99) and positively associated with incident sleep restriction (OR=2.20, 95% CI: 1.11, 4.33) ( Figure 2) , with no mediation by BMI or CRP. Nocturia was associated with poor sleep quality (OR=1.98, 95% CI: 1.38, 2.85). (Table 3 ). Unexpectedly, UI was associated with reduced risk of incident sleep restriction (OR=0.31, 95% CI: 0.11, 0.87).
DISCUSSION
In this population-based, longitudinal study of over 4,000 men and women, there was a bidirectional relationship between self-reported sleep-related variables and urologic symptoms, with BMI, but not CRP, possibly mediating the association between restricted sleep and urologic symptoms. Although these observational data do not demonstrate causality, they suggest that improving sleep health may be a novel means of improving urologic symptoms. It is known that improving urologic function improves sleep outcomes.
The literature is replete with reports showing that urologic symptoms, particularly nocturia, have profound effects on sleep. However, to our knowledge, few if any studies have shown that sleep-related variables predict incident urologic symptoms, despite the known influence of sleep disturbance on factors which tend to cluster with urologic symptoms, including obesity, 19 systemic inflammation, 20 type 2 diabetes, 21 and other comorbidities. 22 In this study, sleep restriction (measured only among men) was associated with incident LUTS and UI, and poor sleep quality among men and women was associated with incident LUTS and nocturia. Poor sleep quality increased the risk of obstructive and irritative LUTS symptoms, while sleep restriction was associated with more than a 2-fold risk of developing irritative symptoms. The latter is of interest in light of previous studies showing impaired cardio metabolic function of sleep-deprived individuals, 7, 8 and fits conceptually with storage/ irritative LUTS resulting from altered sensory innervation of the bladder or autonomic hyperactivity, which is noted in both those with LUTS and sleep disturbances.
Our results are consistent with cross-sectional studies showing that urologic symptoms are prevalent in patients with sleep disorders [e.g., obstructive sleep apnea (OSA) 23 ] and with a longitudinal study that showed improvements in LUTS lead to improvements in sleep disturbance. 5 Voiding is cited as the main reason for waking at night 24 and sleep disturbance mediates the effect of nocturia on QOL. 25 Nocturia and urgency correlate negatively with direct measures of sleep efficiency 26 and sleep quality. 27 What has been debatedis whether patients are awakened because of the urge to void, or whether they are awakened for some other reason, and then sense the need to void. 28 The current study was not designed to address this issue.
One straightforward explanation of our findings is the commonly observed phenomenon of patients with sleep disorders awakening from sleep and realizing that they have to void, quite apart from any particular urinary dysfunction. 28 However, it is not likely that this fully accounts for our observations, since other LUTS (not specifically nocturia) were also significantly related to poor sleep. So even if repeated awakenings among subjects with sleep-related problems constitutes a 'risk' for a nocturnal void (which may be reported by the subject as nocturia), it should not constitute a risk for non-nocturia LUTS including incomplete emptying, weak stream, and other symptoms.
A common underlying mechanism(s) may link these two disorders. Obesity and metabolic dysfunction are emerging areas of interest in both urology and sleep medicine. There are strong epidemiologic data showing linkages between LUTS/BPH and metabolic syndrome, 21 likely mediated via pathways not assessed in the current study, including altered estrogen to androgen ratios, increased autonomic nervous system activation, vasopressin secretion, and impaired smooth muscle functioning as a result of impaired nitric oxide synthase, cyclic guanosine monophosphate, and RhoA/ROCK signaling. Furthermore, metabolic disturbances accompany acute 7 and chronic 8 sleep deprivation. These pathways impact the regulation of smooth muscle tone and are thus, fundamental to healthy urologic function given the requirements for coordinated relaxation/contraction of the detrusor and bladder musculature. These factors may interact in an interrelated manner, e.g., sleep disturbance is known to result in increased autonomic nervous system activation, which has been shown to be related to LUTS secondary to BPH, 29 which may feedback to influence sleep and so on. If obesity or metabolic dysfunction are involved in this relationship, as suggested by our data showing BMI as a potentially relevant mediating variable, this would indicate that a weight loss or exercise could be an effective means of improving sleep problems and urinary symptoms simultaneously.
Limitations and strengths of the current study merit consideration. The BACH Survey focused on symptoms of urinary function, not diagnosed conditions, and certain measurements of interest (e.g., urine flow volume, prostate volume or prostate-specific antigen levels in men) were not available. The focus on symptoms is appropriate given the primacy of symptoms in the LUTS/BPH complex. The measures of sleep were by self-report and we have no specific questions regarding OSA at baseline. Furthermore, the current design does not address the dynamic nature of urologic symptoms or sleep-related problems, due to the fact that interim measurements were not available for either. Presumably, this would have the effect of increasing measurement error, thus, reducing the chance of rejecting null hypotheses. Finally, to our knowledge, the Sandvik index has not been formally validated in men, but our prior publications 30 showing differences in prevalence of UI between 'known groups' (e.g., men vs. women, young vs. old, healthy vs. unhealthy) support the concept that UI as measured by the Sandvik severity index possesses construct validity. Significant strengths of the study include its population-based longitudinal design, its large sample size, and a relatively low 20% loss-to-follow-up rate. The breadth of questions on urologic symptoms included allows probing for different symptom relationships. Importantly, the loss-to-follow-up rate was unrelated to urologic symptoms, so our results are not subject to attrition bias.
CONCLUSIONS
In conclusion, in this population-based longitudinal study of men and women, self-reported sleep-related problems and urologic symptoms are linked bi-directionally, and BMI may play a role in the relationship between sleep restriction and development of urologic symptoms. Thus, sleep may be a novel risk factor for urologic symptoms, and as such, patients with sleep disorders should be screened and appropriately treated for urologic symptoms, which may positively benefit QOL outcomes in patients with sleep-related problems.
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Figure 1. Multivariable Regression Models of Sleep Variables Predicting Incident Obstructive and Irritative LUTS Symptoms, BACH Survey (2002-2010)
Exposures (sleep) were assessed at baseline. Black boxes represent ORs obtained from multivariable logistic regression models with incident urologic symptoms[(a) obstructive symptoms; (b) irritative symptoms] predicted by the sleep exposure variable and controlling for age, sex, race, SES, diabetes, heart disease, alcohol use, physical activity, smoking, antidepressant use, secondary sedation, and secondary stimulation. Grey boxes represent ORs obtained with further adjustment for BMI. Note: Multivariable logistic regression models for sleep restriction does not control for sex as this measure is collected only in men.
Figure 2. Multivariable Regression Models of Irritative and Obstructive LUTS Symptoms Predicting Incident Sleep Variables, BACH Survey (2002-2010)
Exposures (LUTS) were assessed at baseline. Black boxes represent ORs obtained from multivariable logistic regression models with incident sleep disorders[(a) poor sleep quality, (b) sleep restriction, (c) sleep medication] predicted by the urologic symptom exposure variable and controlling for age, sex, race, SES, diabetes, heart disease, alcohol use, physical activity, smoking, anti-depressant use, secondary sedation, and secondary stimulation. Grey boxes represent ORs obtained with further adjustment for BMI. Note: Multivariable logistic regression models for sleep restriction does not control for sex as this measure is collected only in men. 
